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I nstrumented thoracolumbar procedures have experi enced a dramatic increase in the US over the last 2 decades. Rajaee et al. 18 reported a 1.8 and 2.7fold spike in thoracic and lumbar fusions, respectively, be tween 1998 and 2008. While pedicle screw (PS) fixation is widely believed to improve fusion rates, 2, 3 it remains a challenging endeavor with inadequate screw placement potentially resulting in postoperative pain, neurological injury, vascular complications, and return to the operat ing suite.
Multiple reports suggest that intraoperative spi nal navigation offers increased accuracy of PS place ment. 4, 6, 17, 25, 27 Consequently, imageguided spinal surgery (IGSS) has gained much momentum as an adjunct to in strumented thoracolumbar procedures. Currently, numer ous fluoroscopic (2D) and CT (3D) guidance systems are commercially available. The CT-based systems have been demonstrated to be superior with accuracy rates reaching the high 90s. 21, 26, 27 However, intraoperative CT-guided spinal surgery is not without technical challenges. Inadvertent movement of registration markers, changes in patient anatomy af ter registration, and failure to maintain all tracking com ponents visible to the camera, as well as limited field of view in multilevel procedures, have all been reported as potential disadvantages of IGSS. 10 For novice operators, initial experience with image guidance may not imme diately demonstrate the same high rates of PS placement accuracy widely quoted in the literature.
Thoracolumbar instrumentation with CT-guided navigation (Oarm) in 270 consecutive patients: accuracy rates and lessons learned 
Department of Neurosurgery, Cooper University Hospital, Camden, New Jersey
Object. Thoracolumbar instrumentation has experienced a dramatic increase in utilization over the last 2 de cades. However, pedicle screw fixation remains a challenging undertaking, with suboptimal placement contributing to postoperative pain, neurological deficit, vascular complications, and return to the operating suite. Image-guided spinal surgery has substantially improved the accuracy rates for these procedures. However, it is not without technical challenges and a learning curve for novice operators. The authors present their experience with the O-arm intraopera tive imaging system and share the lessons they learned over nearly 5 years.
Methods. The authors performed a retrospective chart review of 270 consecutive patients who underwent tho racolumbar pedicle screw fixation utilizing the O-arm imaging system in conjunction with StealthStation navigation between April 2009 and September 2013 at a single tertiary care center; 266 of the patients underwent CT scanning on postoperative Day 1 to evaluate hardware placement. The CT scans were interpreted prospectively by 3 neurora diologists as part of standard work flow and retrospectively by 2 neurosurgeons and a senior resident. Pedicle screws were evaluated for breaches according to the 3-tier classification proposed by Mirza et al.
Results. Of 270 patients, 266 (98.5%) were included in the final analysis based on the presence of a postopera tive CT scan. Overall, 1651 pedicle screws were placed in 266 patients and yielded a 5.3% breach rate; 213 thoracic and 1438 lumbosacral pedicle screws were inserted with 6.6% and 5.1% breach rates, respectively. Of the 87 subop timally placed screws, there were 13 Grade 1, 16 Grade 2, and 12 Grade 3 misses as well as 46 anterolateral or "tip out" perforations at L5. Four patients (1.5%) required a return to the operating room for pedicle screw revision, 2 of whom experienced transient radicular symptoms and 2 remained asymptomatic. Interestingly, the pedicle breach rate was higher than anticipated at 13.21% for the 30 patients over the initial 6month period with the Oarm. After certain modifications to the authors' technique, the subsequent 30 patients experienced a statistically significant decrease in breach rate at 5.6% (p = 0.014).
Conclusions. Imageguided spinal surgery can be a great option in the operating room and provides high pedicle screw accuracy rates. With numerous systems commercially available, it is important to develop a systematic ap proach regardless of the technology in question. There is a learning curve for surgeons unfamiliar with image guid ance that should be recognized and appreciated when transitioning to navigation-assisted spinal surgery. In fact, the authors' experience with a large patient cohort suggests that this learning curve may be more significant than previ ously reported. We present our experience with IGSS using Oarm (Medtronic, Inc.) intraoperative imaging in conjunction with the StealthStation navigation system (Medtronic Navigation). First, we report PS placement accuracy rates in what, to our knowledge, is the largest, singlecenter co hort of imageguided thoracolumbar instrumentation uti lizing the O-arm. Second, we present our learning curve associated with this technology, and we discuss the les sons learned during our initial experience with IGSS.
Methods
This study gained approval from the institutional review board. We integrated the Oarm and StealthSta tion into our operating suite in the spring of 2009. Sub sequently, the thoracolumbarinstrumented procedures were performed almost exclusively with CT imaging guidance. We retrospectively reviewed the charts of 270 consecutive patients from April 2009 to September 2013 who underwent Oarm-assisted surgery. Routine post operative CT scans were obtained on postoperative Day 1 during this time period. We identified 4 patients with no such scan available for review, and instrumentation in these patients was excluded from the final analysis. Over all, 2 senior neurosurgeons placed 1665 pedicle screws over the course of the study utilizing the same surgical technique for all patients.
Patients underwent general anesthesia and were placed prone on the operating table. Once the surgeon completed the exposure and/or decompression as neces sary, the O-arm was brought into the field to obtain im ages for CT-guided placement of instrumentation. The reference tracker was clamped 1-2 spinous processes cephalad to the levels of surgical pathology. The images were transferred to the StealthStation, and the Oarm was removed from the field in preparation for CT-based navigation. We first used an image-guided surface probe to confirm the starting point for each pedicle screw and then a highspeed bur to break through the cortex. Subse quently, an imageguided pedicle probe was used to enter the pedicle and was advanced to the desired depth us ing navigation. A ball probe was then used to investigate any potential pedicle breaches. Next, an imageguided tap was navigated in a similar fashion. After a second inspec tion with a ball probe, the pedicle screw was advanced in the same trajectory without image guidance. Navigation accuracy was rechecked prior to subsequent screw inser tion by placing the imageguided surface probe at the next anatomical starting point. Screw length was determined in the operating suite once the pedicle probe was inserted to the desired depth by reading the measurements on the probe. Screw diameter was determined based on preop erative imaging.
Postoperative CT scans were interpreted without bias by 3 neuroradiologists as part of the standard workflow and retrospectively by 2 neurosurgeons and a senior resi dent. In cases of interobserver disagreement, the screw was preferentially assigned to the highest perforation grade. The 2 neurosurgeons were blinded as to who per formed the procedure during their retrospective evalu ation while the resident was not. In total, 1651 pedicle screws were evaluated for breaches according to the classification proposed by Mirza et al. 11 Pedicle breaches were categorized as Grades 1, 2, and 3 when the screw perforated bone margins by < 2 mm, 2-4 mm, and > 4 mm, respectively. We further recorded the direction of the breach as well as "tipout," that is, anterior/antero lateral perforations most commonly encountered at L5. In our practice, we aim for bicortical placement of S1 screws and hence did not consider those as breaches.
Statistical Analysis
All statistical analyses were performed using SPSS (version 15.0.1, IBM, Inc.). Pearson chisquare and Fisher exact tests were used to compare variables that were pro portions. The Fisher exact test was used when there were small samples (< 5 expected value). An independent ttest was used to compare means between groups. A p value < 0.05 was considered statistically significant.
Results
Between April 2009 and September 2013, 270 charts of consecutive patients who underwent thoracolumbar in strumented procedures with the aid of the Oarm were retrospectively reviewed ( Table 1 ). The mean age of the patient cohort was 51.7 ± 14.2 years. Postoperative CT scans were obtained in 266 patients (98.5%) on postop erative Day 1. Two hundred twenty-two operations were performed for degenerative pathology (82.2%), 34 subse quent to trauma (12.6%), 12 for tumor (4.4%), and 2 for infection (0.8%). In total, 1651 PSs were placed in these patients: 213 in the thoracic spine (12.9%) and 1438 in the lumbar spine (87.1%). Four patients (1.5%) required a return to the operating room for revision of 4 PSs (0.2%). In 2 cases, the patients experienced transient radicular symptoms that resolved after screw reposition. The first revision occurred in a 67yearold man who was taken back for a lateral Grade 3 breach in the left L5 PS after complaining of a new sensory deficit in the left leg (Fig.  1 ). The second revision was in a 50-year-old woman who developed new radicular pain as a result of a left L5 PS that demonstrated inferior Grade 2 breach (Fig. 2 ). In the third revision case, the right S1 PS was placed 13 mm beyond the anterior sacral cortical margin (Fig. 3 ). This patient remained asymptomatic but was taken to the op erating room to back out the screw at the discretion of the treating spine surgeon. The forth revision was in a 30yearold woman who was asymptomatic and had a left T-4 PS that breached laterally by > 4 mm (Fig. 4) .
The overall breach rate was 5.3%, with thoracic PS yielding 6.6% and lumbar PS registering 5.1% of breach es. There were 87 total screws that were deemed subopti mal (Table 2) . Among these, 13 PSs (14.9%) were Grade 1 perforations, 16 (18.4%) were Grade 2, 12 (13.8%) were Grade 3, and 46 (52.9%) were tipout misses at L5. Fif tynine PSs (67.8%) were considered either Grade 1 or tipout misses. Excluding 46 anterolateral tipout breach es, 24 of the remaining 41 suboptimally placed screws missed laterally (58.5%) while only 9 (21.6%) missed medially (Table 3 ). There were no differences among pa tients harboring breached screws compared with those without breaches with regard to age or sex ( Table 4 ). The most common instrumented levels were L4 (22.8%), L5 (25.4%), and S1 (17.6%). Including tipout L5 breaches, the perforation rate for L5 PS was the highest for any lumbar level at 13.6%. However, excluding tipout miss es, there were 11 Grade 1-3 breaches for a rate of 2.6%. In the thoracic spine, T-7 level demonstrated the highest breach rate at 20%, with 2 of 10 screws missing the ped icle, followed by T-6 at 17.6%, with 3 of 17 screws placed suboptimally.
Pedicle breach rates were further evaluated with respect to our experience with the technology. The first 15 patients, or approximately 3 initial months' worth of cases, demonstrated a suboptimal accuracy rate of 82.9%. At this point, we reexamined our technique over the next 3 months and implemented certain modifications that re sulted in an accuracy rate of 90% in the subsequent 15 patients (Table 5 ). This trend was maintained as the next two same-sized groups demonstrated 92.9% and 95.9% successful placement rates. However, the trends between these groups did not reach statistical significance.
However, a statistically significant difference in perforations was observed between the first group of 30 patients, or approximately the initial 6 months with the O-arm, at 13.21% and the next group of the same size at 5.6% (p = 0.014) (Fig. 5 ). There were 21 total missed screws among the inaugural group of 30 patients, which constituted 24.1% of all missed PSs in the study. The next consecutive group of same size contained 11 per forations, or 12.6% of total missed PSs. Twelve tip-out breaches (7.5%) were noted in the first group while 7 such breaches (3.6%) appeared in the next group, which failed to reach statistical significance (p = 0.153). Excluding tipout misses, there were 9 Grade 1-3 breaches (5.7%) in the first group while 4 such breaches (2.1%) occurred in the second group (p = 0.091). In fact, comparing the accuracy rate for the initial 30 patients to any of the subsequent groups of same size, statistically significant inferiority is evident against all but one group.
Discussion
Computed tomography-based IGSS offers several advantages to the spine surgeon including greater accu racy of pedicle screw placement, 4, 6, 21, [24] [25] [26] [27] minimal to no radiation exposure, 12, 15, 21, 22 and potentially a short regis tration time. 5, [12] [13] [14] As with any new technology, CT-guid ed spinal surgery is prone to growing pains, which may force novice surgeons to abandon this technology early.
Reports investigating the learning curve associated with CT image guidance are sparse. Nottmeier and Crosby acknowledged this phenomenon and hypothesized that 5 cases are necessary for surgeons with limited image guid ance skills to obtain sufficient experience with this tech nology.
14 However, our experience suggests that perhaps a larger volume of approximately [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] cases is required to demonstrate breach rates similar to those commonly reported in the literature. To our knowledge, the present report is the largest singlecenter series of thoracolumbar PSs placed using the O-arm and the first in the literature to quantify the learning curve for screw accuracy associ ated with this technology.
We demonstrated 5.3% overall, 6.6% thoracic, and 5.1% lumbosacral breach rates in our cohort of 1651 PSs placed with the aid of the O-arm. These values fall within the previously published range utilizing similar technol ogy. Tian and Xu performed a meta-analysis evaluating more than 7500 PSs and noted a nearly 91% accuracy rate with CT-assisted navigation. 24 Gelalis et al. reviewed 26 prospective trials comparing various methods for PS placement. In the subgroup of CT-guided navigation, the authors reported a range of 89%-100% of screws con tained completely within a pedicle. 4 In a retrospective study, Waschke et al. used a Tomoscan M-EG (Philips Medical Systems) to place 2422 PSs with 96.4% accuracy in the lumbar spine and 95.5% in the thoracic spine. 27 In another retrospective review, Nottmeier et al. reported on 184 patients and 951 thoracolumbar screws placed with CT-based navigation and a 7.5% breach rate. 16 In a large We identified 2 prospective trials utilizing the O-arm for pedicle screw placement. Shin et al. described 124 PSs placed between T-9 and S-1. The authors reported that nearly 92% of the PSs were contained completely within the pedicle. 21 Van de Kelft et al. presented their experi ence with the Oarm in a multicenter trial that included 1922 screws in 353 patients. The authors experienced a 97.5% accuracy rate in this large cohort. 26 However, little mention is made in the literature regarding early experiences of navigationnaive spine surgeons with CT-assisted image guidance. At our in stitution, the implementation of the Oarm constituted a paradigm shift in the surgical suite as we did not use any spinal navigation systems previously. We anticipated an increase in surgical times for the initial procedures per formed with the Oarm. Interestingly, we also observed a lower than anticipated accuracy rate over the first 3 months, with 17% of screws breaching during the first 15 cases. This introductory experience forced us to critically evaluate all aspects of image guidance utilization in the operating room, which facilitated several modifications to our technique. After implementing these adaptations over the next 3 months, we observed an incremental in crease in the accuracy rate in the subsequent 15 cases. In fact, comparing screws completely contained within the pedicle between the initial 30 cases (86% accuracy rate) and the next group of the same size (94% accuracy rate) proved to be statistically significant (p = 0.014). More over, we were able to maintain this high rate for the dura tion of the study.
We would like to share the technical lessons learned from our initial experience with the Oarm that were in strumental in eventually achieving and maintaining high PS placement accuracy. These operational nuances are the result of trialanderror experimentation in our op erating suite. First, the position of the reference tracker should be such that is it easily visible by the StealthSta tion camera. This becomes increasingly important when multiple instruments and surgeons' hands are in the sur gical field as they may transiently interfere with the vis ibility of the tracker. For this reason, we prefer to always position the tracker at the cranial aspect of the incision, tilting it away from the surgical field (Fig. 6 ). This con figuration allows for the tracker to be easily visible to the camera that is positioned 4-6 feet away from the inci sion and over the anesthesia drapes. We found this ar rangement to be easier than positioning the camera and the tracker caudally as this orientation in our experience resulted in more lineofsight interference from the sur geon and surgical instruments, as well as the setup of the surgical technician (Fig. 7) .
Another important technical aspect is the proximity of the reference tracker to the surgical field. We prefer to clamp the tracker onto a spinous process of the cra nial vertebral segment utilizing the same surgical inci sion. Placing the tracker too far from the levels requiring instrumentation may compromise accuracy. However, a tracker position too close to the pathological levels, or not tilted away from the field, may potentiate accidental contact between the tracker and surgical instruments. Compromised visibility of imageguided instruments or diminished accuracy of the navigation system can occur with each subsequent accidental contact. This becomes especially important near the lumbosacral junction where caudally directed pedicles of L5 and S1 may facilitate * There were missing data at final analysis for 1 patient (4 screws). Therefore, these screws are not included in this analysis. 
the surgical instrumentation to bump the spinous process clamp much more so than with cranially directed pedicles of the upper and middle lumbar spine. We initially affixed the tracker at the spinous process one level cranial to spi nal levels of interest. However, we noticed that accidental contact between larger instruments and the tracker was not infrequent. We believe that this partially facilitated our early suboptimal PS placement accuracy rates by allowing for excessive tipout perforations at L5. Con versely, the technique was modified by slightly extending the incision to clamp the tracker onto 2 spinous processes cranially to the involved levels. Care is taken to preserve the integrity of the posterior ligamentous complex during exposure and only the spinous process is exposed in a subperiosteal fashion. No attempt is made to expose the lamina or the facet capsules in an attempt to minimize adjacentsegment disease at those levels and postop erative discomfort. In our experience, this modification achieves the necessary proximity to the surgical field and maintains the cosmetic advantages of a single incision while attenuating the interference between the reference tracker and surgical instruments. Yet another source of screw breaches may be the length of the PS. During our initial experience, we relied on the intraoperative Oarm scan and an imageguided pedicle probe to determine screw length. The probe was inserted to a desired depth under image guidance, and the screw length was chosen by the surgeon based on the reading on the pedicle probe. This technique resulted in placement of longer PSs than were necessary, with con comitant anterior and lateral breaches over this time pe riod. Unfortunately, some of these breaches were not ap preciated with the ball probe prior to screw insertion. One explanation for this is that an excessive downward force vector during attempts to cannulate the pedicle causes partial downward motion of the adjacent segments con taining the reference tracker. Thus, the anterolateral bor der of the vertebral body appears "deeper" on the moni tor. To address this discrepancy, screw sizes were selected based on preoperative images going forward. This was a simple modification with favorable results in subsequent procedures.
Furthermore, it is critical to decide whether instru mentation should be placed before or after performing other necessary components of the operation. Either way, hardware placement should occur immediately after the registration Oarm scan is obtained without further de compression, reduction of fracture, or discectomy taking place after the scan prior to instrumenting. Although this may seem intuitive, segmental motion allows for a poten tial slight shift of vertebral segments with respect to each other during bone and disc space work. Should this occur after registration, it may lead to diminished screw accu racy and facilitate pedicle breaches. If the surgeon feels that further bone work is necessary after the registration, a second registration scan is recommended prior to PS insertion. This becomes particularly important in the midthoracic spine where pedicle width has been shown to decrease to just under 4 mm. 1, 8 Since IGSS carries a reported mean registration error up to 2-3 mm, any fur ther changes to 3D anatomy subsequent to the registration scan may compromise PS accuracy rates. 17, 23 In the present cohort, we did not routinely perform in traoperative CT scanning after hardware placement. This resulted in 4 returns to the operating room over a 54month period for a 1.5% reoperation rate secondary to malposi tioned screws. Two patients (0.7%) underwent reoperation for newonset radicular symptoms. Given the retrospective nature of our study, it is difficult to determine the circum stances for revisions in the other 2 asymptomatic patients.
The decision to proceed without a postinstrumenta tion scan was based on several factors. We instrumented a relatively small number of levels per patient in this mostly degenerative spine fusion cohort. Moreover, intraopera tive CT quality may be inferior to postoperative CT scan ning and may not be sensitive enough to pick up small, that is, Grade 1 or 2, breaches. 20 In fact, 1 of the 4 pa tients who returned to the operating room had a Grade 2 breach that probably would not have been noticed on an intraoperative scan. Additionally, the majority of breach es reported in our series, namely tipout breaches, would likely not have been revised even if they were confirmed by an intraoperative scan.
In cases in which navigation was determined to be inaccurate, reregistration prior to hardware placement took place. When there was a concern for loss of naviga tion accuracy while instrumenting as a result of bumping the tracker or any change in anatomy, another registration scan was obtained before proceeding with the remaining pedicle screws. However, in cases in which the registra tion appeared accurate and the ball probe palpation re vealed no breaches, we felt that no intraoperative CT after instrumenting was necessary.
We concede that 3 of the 4 returns to the operating room (1.1%) could have been potentially prevented by re positioning the screws after obtaining an intraoperative scan. Returns to the operating room are associated with increased cost and can be avoidable in this setting. Hence, after the data for this project were collected and reviewed, our protocol was modified to perform a scan prior to leav ing the operating room.
Several studies reviewed revision rates secondary to suboptimal hardware placement. Larson et al. placed 984 thoracolumbar PSs for pediatric deformity and reported a 3.6% intraoperative revision rate after obtaining an in traoperative scan. 7 No returns to the operating rooms oc curred in this study. Similarly, Van de Kelft et al. revised 1.8% of PSs intraoperatively. 26 Tormenti et al. also used intraoperative confirmation for PS screw placement, re sulting in no returns to the operating room. 25 In contrast, Nottmeier et al. reported 2 nerve root in juries after placing 1084 PSs, resulting in a 0.9% patient incidence. 16 One of these injuries was not recognized with intraoperative imaging, and the patient was returned to the operating room to undergo revision surgery. In a large series, Lonstein et al. documented a 1.0% rate of PS revi sion in their experience with 875 patients. 9 Most recently, Samdani et al. evaluated revision rates in 627 patients undergoing pediatric deformity procedures. 19 The authors reported a 1.7% rate of returning to the operating room secondary to suboptimal screw position.
Conclusions
Imageguided spinal surgery provides high PS ac curacy rates and is becoming more readily available in operating rooms across the world. However, as with any new technology, certain growing pains exist for novice operators of the Oarm that must be overcome before re sults widely quoted in the literature can be reproduced. Our experience with a large patient cohort suggests that this learning curve may be greater than previously antici pated. Regardless of the surgeon's preference, we recom mend developing a systematic approach to utilizing IGSS in the operating suite as this should maximize surgical outcomes.
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